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Electrospinning is a straightforward method to produce polymer nanofibers (10-500nm in 
diameter) from polymer solutions and melts. When the applied electrical force at the 
surface of polymer solution or polymer melt overcomes its surface tension, a charged jet 
is ejected, which travels towards a grounded target. Solvent evaporates and nanofibers 
form on the target surface. In this thesis, an investigation on phase behavior of the 
nanofibers electrospun from polymer blends and orientation factors within nanofibers 
electrospun from both single polymer solution and polymer blends were conducted. 
 
Single-phase nanofibers were produced by electrospinning blends of polycarbonate (PC) 
and polyvinylchloride (PVC) dissolved in a mixture of tetrahydrofuran (THF) and N,N-
dimethylformamide (DMF). The phase behavior of the as-spun fibers was determined by 
a dynamic mechanical analyzer (DMA). Only one glass transition temperature was 
obtained which indicates single-phase structure. The surface morphology of the as-spun 
fibers was observed by scanning electron microscopy (SEM). The as-spun fibers were 
annealed for different times and same type of DMA test was performed on the fibers and 
there appeared two separate glass transition temperatures, which demonstrated phase 
separation. The annealed fibers were also stained by ruthenium tetroxide (RuO4). The 
resulting phase morphology of the fiber was examined by transmission electron 
microscopy (TEM). The TEM images demonstrated that by controlling the annealing of 
the as-spun fibers, a specific fiber surface morphology could be accessed. 
 
 v
Nanofiber mats were produced by directly electrospinning nylon 66 dissolved in formic 
acid and PVC and PVC blend dissolved in a solvent mixture of THF and DMF onto a 
rotating metal wheel. SEM and FTIR were used to investigate the orientation of the 
sample. In order to determine molecular orientation within the fibers with respect to the 
fiber axis, molecular orientation with respect to fiber winding direction obtained by FTIR 
was divided by fiber orientation measured manually from the SEM pictures. The 
relationship between the molecular orientation of the electrospun nanofibers and three 
electrospinning process parameters were determined. The molecular orientation will 
increase if the wheel speed increases due to the increase of the mechanical tensile 
drawing force when the nanofibers hit the rotating wheel. The molecular orientation 
decreases if the applied voltage increases due to the decrease of the same mechanical 
tensile drawing force. High molecular weight polymers had higher molecular orientation 
when electrospun into nanofibers because the higher molecular polymers have greater 
relaxation time to preserve more orientation obtained. The mechanical properties of the 
oriented non-woven nanofibers mats were studied by DMA. It seems that the mechanical 
properties follows the same trend of the overall orientation with respect to fiber winding 
direction, not just the molecular orientation within the fiber and with respect to fiber axis. 
The information available in the literature was considered together with the experimental 
results to explain the phase behavior of the nanofiber electrospun from polymer blends 
and molecular orientation factors within the nanofibers. 
  
 vi
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Chapter 1 Introduction 
1.1 History 
 
The fundamental idea of the term “electrospinning” has existed in the literature for more 
than 60 years. Formhals set up an experiment for producing polymer filaments using 
electrostatic force and gained a series of patents from year 1934 to 1944. [1-3] A polymer 
solution was introduced to the electrical field by placing one electrode into solution and 
the other onto a collector. Thus, charged polymer solution jets ejected out of a metal 
spinnerette and evaporated and formed fibers onto the collector. 
 
In the 1950s, Vonnegut and Neubauer succeeded in making approximately 0.1 mm 
electrified droplet streams by simple self-invented apparatus. Variable ac or dc potentials  
(5-10 Kv) were applied to water or liquids in capillaries and monodisperse aerosols were 
formed. [4] Three years later, by the similar experiment setup used by Vonnegut and 
Neubauer, Drozin found out that under certain conditions (high electrical potential and 
suitable solution viscosity), water and 12 other pure liquids could form aerosols 
consisting of uniform fine droplets from a capillary. Different stages of the dispersion 
were also captured. [5] 
 
In the middle 1960s, Simons obtained a patent by using the electrical spinning process to 
produce lightweight, patterned, and textured non-woven polyurethane resin fabrics. The 
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negative electrode was connected to a grounded metal plate where fibers formed, while 
the positive one was immersed into the polyurethane in ketone solutions. [6] 
  
Later, acrylic fibers with diameters in sub-micron range were electrospun by Baumgarten. 
The experiment setup started to mature and was used by later scientists and engineers. A 
high voltage was connected to a stainless steel capillary tube and the spinning drop was 
suspended from the capillary. Fibers were collected on the grounded metal screen.[7] 
 
With a surging interest in nanotechnology since the 1980s, electrospinning, an efficient 
method to produce polymer nanofibers (10-500nm in diameter) from polymer solutions 
and melts, has gained much more attention. Those nanofibers possess some amazing 
characteristic like large surface area to volume ratio, flexibility in surface functionalities, 
and superior mechanical properties.  The electrospinning process has advantages over 
traditional nanofiber fabrications like drawing, template sythesis, phase separation, and 
self assembly, one of which is the possibility to develop one-by-one continuous 
nanofibers from various polymers for mass production[8]. Because of these two reasons, 
electrospinning has found important applications in filtration and protective clothing [9], 
composite reinforcement [10, 11], sensors [12-15], electronic devices [16], and medical 
researches [17-21]. Application fields of US patents on electrospun nanofibers and 
potential applications of electrospun polymer nanofibers are illustrated in Figure 1.1 and 
Figure 1.2, respectively. 
 












Today, many single polymer solutions or melts have been investigated to be electrospun 
to form nanofibers, but only a few polymer blends have been electrospun for 
investigation. [22-24] Polymer blends are an ideal low cost alternative to the synthesis of 
entirely new macromolecules and a bicomponent system can possess properties that are a 
combination of the two polymeric components. In addition, little information has been 
reported on aligning the electrospun fibers and measurement of its molecular orientation 
within the nanofibers in recent electrospinning research. 
 
Hence, the two main objectives of this project are to investigate (1) phase behavior of 
polymer nanofibers electrospun from polymer blends and (2) molecular orientation 











Chapter 2 Literature Review 
2.1 Electrospinning process 
 
Electrospinning is a straightforward method to produce nanofibers from polymer solution 
and melts. The process is complex and involves physics, fluid mechanics, polymer 
science, and rheology. In general, the basic experimental setup of electrospinning 
includes: (1) applied voltage (2) grounded target collector (3) polymer reservoir with a 
spinneret. The process involves three stages: (1) jet initiation and extension in a straight 
line, (2) growth of bending instability of the jet, (3) Solidification of the jet and formation 
of nanofibers.  
 
In stage 1, with increasing applied voltage, the charged polymer solution or melt forms a 
cone shape pendent drop at the tip of the spinneret, which is called a “Taylor’s cone”. [25] 
Once the applied electrical force overcomes the surface tension of the polymer solution 
or melt, a charged jet will form from the Taylor’s cone, whose semi-vertex angle is 
calculated as 49.3º. [26]  
 
After initiation, the path of the jet travels in a straight line for a certain distance. Then, an 
electrically driven bending instability grows at the bottom end of the straight jet, which 
causes the jet to bend and follow a whipping and spiraling path. The electrically driven 
bending instability appears in a self-cycled fashion. Each cycle is similar but smaller than 
the previous one and has three steps. The three steps in each cycle are: (1) straight 
segment develops an array of bends, (2) The bends become a series of spiraling loops as 
the segment of jet in each bend elongates, (3) The diameters of the loops become smaller 
and smaller as the each loop grows longer and step 1 developed again along each loop. 
 
In the final stage, the solution jet evaporates and solidifies and is collected as an 
interconnected web of small nanofibers. [27] The collectors are grounded and can be 
either a stationary target or a rotating target. The electrospinning process is demonstrated 
in Figure 2.1. 
 
In the literature, there are more than fifty different polymers that have been electrospun 
into ultra fine fibers successfully, most of which were dissolved in solvents before 
electrospinning. A summary of nylon 66 and polycarbonate and polyvinylchloride, three 
polymers used in this thesis is listed in table 2.1 
 
 
Figure 2.1 Electrospinning process representation [8] 
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Table 2.1 Summary of electrospining of nylon 66 and polycarbonate and 
polyvinylchloride in their solution form 
 
Polymer Nylon 66 Polycarbonate polyvinylchloride 
Reference [31] [31, 32] [33-35] [14, 36] 


















Fewer polymer melts at high temperature have been electrospun into nanofibers.  In this 
case, the polymer melt is introduced into a capillary tube and the electrospinning process 
has to be performed in a vacuum condition. [28-30] Table 2.2 summarizes the polymers 
that have been successfully electrospun into nanofibers in their melt forms. 
 
2.2 Processing parameter effects on fiber morphology 
 
Several parameters will influence the morphology of the nanofibers electrospun from 
polymer solutions. Fiber diameter and bead formation are the two morphology characters  
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Table 2.2 Summary of electrospining of polymers in their melt form 
 
Polymer Reference Processing Temperature (°C) 
kPolyethylene [28, 30, 37, 38] 200-220  
Polypropylene [28, 30, 37, 38] 220-240 
Nylon 12 [29] 220  
Polyethylene terephthalate [37, 39] 270  
Polyethylene naphthalate [37-39] 290  
PET/PEN blends [39] 290  
 
 
that have been mostly studied. These influential parameters can be included into three 
categories: (1) Solution properties including viscosity, concentration, conductivity, and 
surface tension. (2) Controlled variables including electric potential at the tip, gap 
distance and solution feed rate. (3) Ambient parameters including temperature, humidity, 
and air velocity in the electrospinning chamber. [40] 
 
2.2.1 Effect of solution properties  
 
Solution properties have an important role in fiber formation in the electrospinning 
process. In order to obtain nanofibers electrospun from polymer solution, the solution 
viscosity should be in a suitable range. That viscosity range varies from one polymer 
system to another. At higher viscosity, electrospinning will be prohibited due to the flow 
instability caused by the high cohesiveness of the solution. At lower viscosity, droplets 
will form instead of fibers. [41, 42] The solution viscosity is a function of the polymer 
concentration, so these two solution properties are actually related once a polymer is 
choosen. Researches have found that the higher the polymer concentration the larger the 
resulting nanofiber diameter will be. Deitzel et al. believed the fiber diameter increased 
with solution concentration through a power law relationship. [43] Demir et al. believed 
that the fiber diameter was proportional to the cube of the polymer concentration. [44] 
 
Research has found that higher polymer concentration (high viscosity) resulted in fewer 
beads, which are spherical or spindle-like defects in the electrospun nanofibers. The 
existing beads at higher concentration have larger diameter than beads formed at lower 
concentrations. The shape of the beads changed from spherical to spindle like with the 
increase of concentration. The influence of viscosity and concentration on bead formation 
is illustrated in Figure 2.2.  
 
Figure 2.2 SEM images of electrospun nanofibers from different concentration of 
styrene-butadiene-styrene triblock copolymer solutions. [45] 
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Researches found out that by reducing surface tension of a polymer solution, fibers can 
be obtained bead free. Surface tensions depend on the choice of solvents. [40] Researches 
also found out that increasing the conductivity of the polymer solution by the addition of 
salts will result in smaller bead and thinner fiber diameters. [46] The addition of the salts 
will increase electric charges in the jet, which will increase the elongational forces 
imposed on the jet by the applied voltage. So, the fibers will become thinner and the bead 
formation is prevented. 
 
2.2.2 Effect of controlled variables  
 
Nanofibers are produced by electrospinning process only if the applied voltage is above 
the given critical value required to overcome the surface tension of the solution. Above 
that voltage value, the voltage determines the amount of polymer reaching the collection 
target. Researches found out that with the increase of the applied voltage, the resulting 
nanofibers will have smaller diameters and higher bead density, which is demonstrated in 
Figure 2.3. With the increase of the electrospinning voltage, the shape of the droplet from 
which the jet originates will change. The volume of the droplet will decrease and the 
Taylor cone will recede or even disappear, leaving the jet to initiate from a liquid surface 
within the syringe tip or even inside the syringe needle, which will cause an increase in 
the instability of the jet and finally result in an increased number of bead defects forming 
along the electrospun fibers. [43] The influence of applied voltage on bead densities is 
shown in Figure 2.4. 
 
Figure 2.3 Fiber diameters decreases with increasing voltage for nylon 6,6 and silk-like 






Figure 2.4 SEM photographs of PEO nanofibers electrospun under different voltages [43] 
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It was found that the feed rate at which the polymer solution is pumped into the capillary 
tip would change the fiber morphology. The higher the feed rate, the larger the fiber 
diameter and lower bead density will be found in these fibers. The effects of feed rate on 
fiber diameter and bead density are shown in Figure 2.5 and 2.6 respectively. [47] 
 
It was also found that the gap distance between the syringe tip or capillary and the 
collector target played an important role in the fiber diameter and morphology. The 
greater the gap distance, the smaller fiber diameter and lower bead density will be found. 






Figure 2.5 SEM images of polycarbonate nanofibers electrospun at 0.05 (right) and 0.1 




Figure 2.6 SEM images of polycarbonate nanofibers electrospun at 0.05 (right) and 0.1 






Figure 2.7 SEM images of polycarbonate nanofibers electrospun at 8 inches (left) and 6 
inches (right) gap distance [47] 
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2.2.3 Effect of ambient parameters  
 
It was discovered that fiber diameters obtained from a polyurethane solution were much 
more uniform at higher temperatures than those obtained at low room temperatures. [44] 
It was also reported that the average fiber diameters would increase with the increase of 
temperature due to the higher drying rate of the solution resulting in a high jet viscosity 
of the jet stream. [48] 
 
Some researches have also been done on the effect of temperature and airflow rate on the 
fiber formation capability in electrospinning process by introducing hot air blowing. The 
approved electrospinning process is called Electro-Blowing by the authors. [48] They 
found out that by increasing the air blowing rate, the capacity of fiber formation was 
caused by the air blowing. The effect of blowing rate is shown in Figure 2.8. They also 
found out that by increasing blowing air temperature, the capacity of fiber formation in 
electro-blowing was improved due to the rapid solvent evaporation rate. The effect of 
temperature is shown in Figure 2.9. 
 
Research has been done on the effect of humidity on the electrospun nanofiber 
morphology. [49] It is reported that humidity affect fiber surface morphology. Increasing 
humidity will increase the number, diameter of pores in the electrospun nanofibers’ 
surface. The trend is demonstrated by FESEM images shown in Figure 2.10. The reason 
behind this phenomenon is complex. The author believes that it is the combination of 










Figure 2.8 SEM microgaphs of electro-blown hyaluronic acid (HA) with room 









Figure 2.9 Effect of air blow temperature in the electro-blowing process of 2.5 w/v% HA-






Figure 2.10 FESEM micrographs of 190 000 g/mol PS/THF fibers electrospun under 
varying humidity: (a) <25%, (b) 31-38%, (c) 40-45%, (d) 50-59%, (e) 60-72%. [49] 
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when the surface of the jet cools due to the rapid evaporation of the solvent; water in the 
air condenses on the fiber surface and leaves an imprint later when the fiber dries. [35] 
Phase separation is due to the thermodynamic instability caused by decreasing 
temperature, loss of solvent, or increase in nonsolvent. [49] 
 
2.3 Nanofibers electrospun from polymer blends 
2.3.1 Study on nanofibers electrospun from polymer blends 
 
Today, many single polymer solutions or melts have been investigated to be electrospun 
to form nanofibers, but only a few polymer blends have been electrospun for 
investigation. [50, 51] Polymer blends are an ideal low cost alternative to the synthesis of 
entirely new macromolecules [52] and may create a bicomponent system whose 
properties are the combination of the two polymeric components. For example, one of the 
polymers can contribute to the mechanical properties while the other can have some 
desired chemical, optical or biomedical function. Some successful attempts have been 
made in this area. Electronically conducting polyaniline (PANI) has been blended with 
campor sulphonic acid (CSA) and poly (methyl methacrylate) (PMMA). The blends have 
been successfully electrospun into nanofibers and the SEM images of those nanofibers 
are shown in Figure 2.11. [22] The phase behavior of the two polymers inside the 
electrospun nanofibers was investigated and will be shown in section 2.3.2. Hard and stiff 
material poly(vinylchloride) PVC has been blended with a very widely used 
thermoplastic polyurethane PU and the blend electrospun into nanofibers. [53] In this 
       
Figure 2.11 SEM images of electrospun nanofibers of 8 wt% PANI-CSA-12 wt% PMMA 
blends at 20 kV (left) and 25 kV (right). [22] 
 
 
paper, the mechanical properties of these nanofiber were studied, but the phase behavior 
of the two polymers inside the nanofibers is not addressed. The SEM images of 
nanofibers electrospun from those blends are shown in Figure 2.12. 
 
Some researches have been conducted on the potential expansion of the scope of polymer 
blend electrospinning. Polymers can be blended with water-soluble small molecules or 
macromolecules like DNA, drugs, enzymes, which will be encapusulated as aqueous 
domains within thin polymer fibers produced by electrospinning process.[51] Later, those 
domains can swell and burst due to osmotic pressure to release the small molecules or 
macromolecules inside in a controlled way, which will be very useful in drug delivery or 
other biomedical research. Figure 2.13 shows electrospun poly (ethylene-co-vinyl acetate) 
EVA fiber encapsulating bovine serum albumin (BSA, MW-66kDa) domains. Figure 








Figure 2.12 SEM images of fibers electrospun from a 13 wt% solution of PVC/PU 










Figure 2.13 Electrospun EVA fibers showing extensive strings of swollen 
microencapsulated aqueous BSA domains. [51] 
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Figure 2.14 Swelling of aqueous BSA domains due to osmotic pressure: (a) 0 min. (b) 6 





Also, electrospinning polymer/enzyme blends into nanofibers can be used as an efficient 
and viable method to immobilizing enzyme to provide means for them to be used 
repetitively. Lipasa has been blended with polymer (not specified in the paper) and 
electrospun into nanofiber mats. [54] Figure 2.15 shows electrospun fibrous membranes 
from 10% polymer/lipase solution.  
 




In general, the mixing entropy of polymers is very small, so the free energy of mixing of 
a polymer mixture is usually positive, which means immiscibility occurs and the blends 
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are multiphased in most cases. Generally speaking, the properties of immiscible blends 
are dependent on their phase size and connectivity. Few reports have addressed the phase 
behavior of the polymers in the nanofibers electrospun from polymer blends. Phase 
separation is common in those researches on the nanofibers from electrospinning of 
polymer blends. [22-24]  
 
It was discovered that by staining nanofibers electrospun from PANI-CSA-PMMA 
blends solutions with OsO4, which will attack the amide bond in polyaniline, that phase 
contrast TEM images can be obtained. From Figure 2.16 and 2.17, it is very obvious that 
















Similar research has been done on the phase behavior of nanofibers electrospun from 
polyvinylpyrrolidone (PVP)/ polylactide (PLA) blends. PLA can be Poly-L-Lactide 
(PLLA), which is isotactic and semi-crystalline, or poly-D, L-lactide (PDLLA) which is 
atactic and amorphous. Selective removal of one component from fibers was used as a 
method to study the phase behavior of the two polymers inside the nanofibers. Annealing 
the fibers at high temperature will remove PLA component due to its low viscosity; on 
the contrary, subjecting the fibers to water will remove PVP by extraction. After selective 
removal, the fiber morphologies are observed by SEM and shown in Figure 2.18. From 
these SEM images, it is reasonable to conclude that phase separation is not suppressed in 
the electrospinning PVP/PLA blends despite the rapid evaporation of the solvent and the 
fiber solidification. Co-continuous phase morphologies are found within these fibers. [24] 
The phase structure of the PVP/PLA blend is shown in Figure 2.19. 
 
2.3.3 Mechanical behavior of nanofiber mats electrospun from polymer 
blends 
 
The mechanical properties of these nanofibers mats have been barely addressed before in 
literature. [53, 55] Research has been done on the mechanical properties of nanofibers 







Figure 2.18 SEM images of PVP/PLA 1:1 fibers (a) residual PLLA fiber after selective 
removal of PVP; (b) residual PDLLA fiber after selective removal of PVP; and (c) 












Figure 2.19 Schematic representation of possible fiber morphologies of co-cotinuous 
phase morphologies with dimensions smaller than the fiber diameter. [24] 
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Various compositions of PVC/PU polyblends are dissolved in a mixture of 
tetrahydrofuran (THF) and N, N-dimethylformamide (DMF) at room temperature at fixed 
13 wt%.  Nanofiber mats were electrospun from those polyblends solutions and dried in a 
vacuum oven. The mechanical behavior of the fiber mats was examined with a universal 
testing machine with a crosshead speed of 10 mm/min. [53] The stress-strain behavior of 
electrospun polyblends (PVC/PU) fiber mats is illustrated in Figure 2.20. Mechanical 
properties of electrospun polyblend nonwovens are listed in Table 2.3. 
 
From Figure 2.20 and Table 2.3, it is clear that the pure PVC nanofiber mat has low 
tensile strength and elongation. With the increase of PU composition, the elongation and 
tensile strength increases. The modulus first increases and reaches a maximum at 
composition of PVC/PU 50/50, then decreases. It is assumed that for pure PVC with low 





Figure 2.20 Stress-strain behavior of electrospun polyblends (PU/PVC) fiber mats, 
number indicates PU/PVC polyblends of weight ratio.  [53] 





have a plastic or elastomeric behavior with an increased modulus, strength and elongation. 
For higher PU compositions (PVC/PU 25/75 and 0/100), the more elastomeric PU 
controlled the tensile behavior results in a linear elastic behavior up to fracture. The 
formation of a point-bonded structure of electrospun PU fibers is the reason behind these 
phenomena, which is shown in Figure 2.12. These point-bonded structures will hinder the 
slip of stiffer PVC fiber and increase load transfer to PVC fibers when PU concentration 
is low and will act as a load-bearing structure when PU concentration is high. [53] 
 
2.4 Orientation of electrospun nanofibers 
2.4.1 Methods to introduce orientation to electrospun nanofibers 
 
So far, most nanofibers produced by electrospinning are in non-woven form. However, 
for some application, not only the electrospun nanofiber diameter and their intrinsic 
properties but also the fiber orientation and the molecular orientation inside nanofibers 
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matter as in traditional fiber and textile industry. In these cases, electrospun nanofibers 
should be in either continuous single nanofibers form or uniaxial fiber bundles form to be 
useful, which is a tough target to be achieved, since the polymer jet does not travel in a 
straight line but in a whipping way during the electrospinning process due to the bending 
instability. Still, great efforts have been made towards this goal. Until now, there are five 
basic methods reported in this area. [8] 
1. A cylinder collector with high rotating speed. 
2. An auxiliary electrode/electrical field. 
3. A thin wheel with sharp edge 
4. A frame collector 
5. Multiple field technique 
 
Researchers have found that by electrospinning nanofibers onto a rotating cylinder 
collector at a speed up to thousand of rpm (revolution per minute), orientation will be 
introduced into the nanofibers obtained. The speed of the rotating cylinder surface should 
match the alignment speed of the fiber, which is the speed of the solidified jet, in order to 
achieve a measure of orientation. Lower speed or much higher speed is not good. Figure 
2.21 demonstrated the experiment setup and Figure 2.22 shows the oriented electrospun 
nanofibers obtained by this method.  
 
Researchers have also found out that by employing an auxiliary electrical field the fiber 
alignment will be greatly improved. [56] [57] The electrospinning setup and the 
alignment effect are shown in Figure 2.23 and Figure 2.24 respectively. 
 




















Figure 2.24 Comparison between polymer PLA-PCL (75:25) nanofiber: (a) without and 
(b) with an auxiliary electrical field [8] 
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Researchers have developed a novel approach to align nanofibers on a tapered and 
grounded wheel-like bobbin, which is a great advancement in collecting, aligned 
electrospun nanofibers. The as-spun nanofibers will be attracted to and be continuously 
oriented on the edge of the rotating wheel because of the electrical field concentration 
effect caused by edge’s tip like feature. The experimental setup and aligned polyethylene 
oxide (PEO) nanofibers are shown in was shown in Figure 2.25. [60] 
 
Placing a rectangular frame structure under the electrospinning jet can also introduce 
orientation into the electrospun nanofibers, which is a simple method. Different frame 
materials result in different fiber alignment. The experimental setup is shown in Figure 
2.26 and optical microscopy images of aligned PEO nanofibers electrospun on both a 
wooden frame and an aluminum frame are shown in Figure 2.27. From the images, it is 
clear that aluminum frame favors better fiber alignments than a wooden frame. [8] 
 
 
Figure 2.25 Experiment setup to collect uniaxial nanofibers by a thin wheel with sharp 
edge, (b) PEO fibers thus obtained [60] 
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Figure 2.27 Comparison of fiber alignments between using (a) a wooden frame and (b) an 
aluminum frame. [8] 
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The last method to introducing orientation into electrospun nanofibers that appeared in 
the literature is using a multiple field technique. The basic principle behind this method is 
by using a multiple field to reduce the chaotic oscillating motion of the jet as it travels 
towards the collecting target. Thus, the jet can be straightened to some extent. [27] The 
experimental setup and the aligned PEO fiber yarns are shown in Figure 2.28.  
 
2.4.2 Application of aligned nanofibers 
 
Aligned electrospun nanofibers have found important applications in composite 




Figure 2.28 Experimental setup and the aligned PEO fiber yarns (a) a multiple field 
technique, and (b) aligned PEO fiber yarn obtained.[27] 
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applications, not only the fiber diameters and their intrinsic properties but also the fiber 
orientation and the molecular orientation inside nanofibers are important. For tissue 
engineering, well-aligned nanofibrous scaffold produced by electrospinning will better 
support cell culture and improve cell growth because of the fiber orientation. [64] [65] 
For composite reinforcement, carbon nanofibers widely used as fiber fillers can be 
produced from electrospun PAN precursor fibers, [61, 62, 66] and the molecular 
orientation of the precursor fiber will influence the mechanical properties of the carbon 
naofibers and the efficiency of the reinforcement effect. 
 
2.4.3 Orientation factor quantification  
 
Although orientation has been observed by electrospinning fibers directly onto a rotation 
object, very few papers have quantified it [67]. In this paper [67], nanofibers were 
electrospun from 10 wt% polyacrylonitrile (PAN) in dimethylformamide (DMF) solution 
onto a high speed rotating target at 16 kV. The orientation factors with respect to fiber 
winding direction of PAN nanofibers were determined by Fourier transform infrared 
spectrophotometer (FTIR) and wide angle x-ray diffraction (WAXD). WAXD patterns of 
those nanofiber bundles are shown in Figure 2.29. The orientation factors obtained by 
both FTIR and WAXD are shown in Figure 2.30. From Figure 2.29 and Figure 2.30, it is 
clear that with the increase of the rotating wheel speed, the orientation factor increases 
and reaches a maximum of 0.23 at a rotating speed between 8.1 and 9.8 m/s [67]. 
 
Figure 2.29 WAXD of bundles of fibers electrospun with an applied voltage of 16 kV 
onto a rotating target with a surface velocity of (a) 0 m/s, (b) 3.5 m/s, (c) 6.1 m/s, (d) 8.6 




Figure 2.30 Orientation parameter versus surface velocity of the rotating target 
determined by WAXD of the 5.3 A ° equatorial peak  and dichroism of nitrile-
stretching vibration . [67] 
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2.4.4 Mechanical properties of oriented electrospun nanofibers 
 
The mechanical properties of polymer fibers depend on molecular orientation, degree of 
crystallinity, polarity of the polymer, and presence of plasticizer. Electrospinning 
nanofibers directly onto a rotating target will improve the mechanical properties of the 
nanofiber mats due to the increase of the orientation of fiber and molecular orientation 
within the fiber. Very few papers have been reported on the mechanical properties of 
oriented electrospun nanofibers. [67, 68] It is found that the nanofiber mats electrospun 
on a rotating drum will have different properties in different directions. [14, 36] A stress-
strain curve of a parallel polylactide (PLA) nanofiber mat is shown in Figure 2.31. 
 
The mechanical characterization of an individual nanofiber is rare due to its very small 
dimension. The tenacity of a single electrospun polyacrylonitrile (PAN) nanofiber was 




Figure 2.31 Stress-strain curves of sets of parallel PLA fibers [68] 
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Chapter 3 Experimental Procedures 
3.1 Materials 
 
The polymers used in this project were obtained from Dupont Textiles & Interiors and 
Scientific Polymer Products Inc. Acros Organic and Fisher Scientific provided the 
solvents. The salt was purchased from Structure Probe, Inc. The polymers and solvents 
used are listed below: 
a. Nylon 66 (Mn: 12,600 g/mol, Mw: 36,150 g/mol) from Dupont  
b. Polycarbonate – Poly(bisphenol-A carbonate) from Scientific Polymer Products Inc 
(Mw: 60,000 g/mol) 
c. Polyvinyl chloride from Scientific Polymer Products Inc. (Mw: 120,000 g/mol) 
e. Polyvinyl chloride form Scientific Polymer Products Inc. (Mw: 215,000 g/mol) 
f. Formic acid 99% from Acros Organic 
g. Tetrahydrofuran (certified) from Fisher Scientific 
h. N,N-Dimethyl-formamide 99% from Acros Organic 
i. Ruthenium Oxide Hydrated (RuO2*2H2O) from Structure Probe, Inc 




3.2 Electrospinning process 
 
The polymers used in this project for electrospinning are nylon 66 (Mn: 12,600 g/mol, 
Mw: 36,150 g/mol); polycarbonate (Mw 60,000 g/mole); polyvinyl chloride blends (Mw: 
215,000 g/mol and Mw: 120,000 g/mol); polyvinyl chloride (Mw: 215,000 g/mol) and 
polycarbonate (Mw: 60,000 g/mol) blends. Nylon 66 was dissolved in formic acid and 
the weight percentage of the polymer was 10%. Pure polyvinyl chloride and 
polycarbonate (10% by weight) were dissolved in a solvent mixture (90% by weight) 
with a weight ratio of THF/DMF 3/2. PC/PVC blends with weight ratio of 25/75, 50/50, 
75/25 and PVC blend with a weight ratio of PVC (215,000 g/mol)/PVC (120,000 g/mol) 
55/45 was also dissolved in the same THF/DMF solvent mixture. The solutions were 
prepared by stirring the polymers in solvent for about 4-5 hours till they dissolved 
completely.  
 
After mixing, the polymer solution was placed in a 10 cc glass syringe from Fisher 
Scientific attached to a steel hypodermic needle (0.42 mm in diameter inside) and a 
syringe pump (Harvard apparatus Pump 11). A high voltage power supply (Gamma High 
Voltage Research) applied the potential to the needle. A grounded stationary copper plate 
or a 25 cm diameter, 6.35 mm thick stainless steel rotating disc was used as a target to 
collect nanofibers.  
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For the phase behavior study, the stationary copper plate was chosen as the target to 
collect nanofibers. Pure poly (vinyl chloride), polycarbonate, and PC/PVC blends were 
electrospun onto the copper plate. The applied voltage was 20 kV; the flow rate was 20 
µl/min, and the distance between the needle tip and the target was 10 cm. Figure 3.1 (a) 
shows the electrospinning experimental setup for the phase behavior study. 
 
For molecular orientation study, the stainless steel disc, which has a tapered edge 
machined to an angle of 64°, was used as both a stationary and rotating target to collect 
nanofibers. A Micromaster 420 variable frequency motor from Siemens controlled the 
disc rotating speed in the range of 5 Hz to 60 Hz which corresponds to the linear speed at 
the edge of the disc in a range of 233 to 2833 m/min. Nanofibers were electrospun 
directly onto the edge of the rotating disc to introduce orientation onto the nanofibers 
both in fiber and molecular level. The flow rate is 20 µl/min, the distance between the 
needle tip and the target was 10cm, the applied voltage is varied from 17.5 KV to 30 KV. 
The nylon 66 was electrospun onto the rotating disc to determine the relationship 
between the applied voltage and the molecular orientation within the nanofibers. Two 
rotating speed 20 Hz and 40 Hz was chosen to be constant and the applied voltage was 
varied from 17.5 KV to 30 KV. Pure PVC (215,000 g/mol) and PVC blends were 
electrospun onto the rotating disc to determine the relationship between the molecular 
weight and the molecular orientation within the nanofibers. The applied voltage was kept 
constant at 20 KV,  
 







Figure 3.1 Electrospinning Experiment setup with rotating disc for orientation study (a) 
and with copper target for phase behavior study (b) [1] Displacement pump, [2] Glass  
Syringe, [3] Rotating Wheel, [4] Stationary Copper target. 
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the rotating speed was varied from 0 to 60 Hz. Figure 3.1 (b) shows the electrospinning 
experimental setup for phase behavior study. 
 
3.3 Characterization methods 
3.3.1 Fourier transform infrared spectroscopy (FTIR) 
 
A Biorad FTS 6000 FTIR spectrometer (setting shown in Table 3.1) was used in this 
project to determine orientation factors. A polarizing filter was put between the sample 
and the incident beam to measure the dichroism ratio. The samples were cut from the 
non-woven nanofiber membrane as a small piece with 0.6 cm in diameter, 0.005 mm in 
thickness. Deuterated tri-glycine sulfate (DTGS) was used as detector, and potassium 
bromide as beam splitting crystal.  
 
In order to calculate the dichroism ratio of the sample, the polarizer was placed in the 




Table 3.1 Experimental setting of FTIR spectrometer 
 
Speed Filter UDR Resolution Sensitivity 
5 kHz 1.2 2 4 cm-1 1 cm-1 
Scans to co-add Save range IR source Beam Detector 
256 4000-400 cm-1 Mid-IR Internal DTGS 
parallel and perpendicularly polarized light were recorded. Then the sample was mounted 
onto the sample holder, loaded into the sample compartment and spectra were collected 
with both 0 and 90 degree setting of the polarizer. The computer calculated spectra using 
the background files obtained earlier. For nylon 66, N-H stretching band at 3303 cm-1 
was used as the characteristic peak to calculate dichroism. For polyvinyl chloride, the C-
Cl stretching bands at 613 and 639 cm-1 were used. The dichroism D, is calculated using 
the following equation:  
D = A|| / A- 
where A|| is the measured absorbance of the characteristic peaks, when the polarization 
direction is parallel to the winding direction and A- is the measured absorbance when the 
polarization direction is normal to the winding direction. In this experiment, A|| and A- 
were calculated as the total area of the characteristic peak obtained by software when the 
polarizer was set to 0 and 90 degrees respectively.  
 
The orientation function f (overall orientation including fiber orientation and molecular 
orientation within the fibers) for each sample was calculated from the dichroism ratio by 




















and β is the angle between the function group and the polymer backbone [70]. β is 90º for 








The Biorad FTS6000 is shown in Figure 3.2. 
 
3.3.2 Dynamic mechanical analysis 
 
The Rheometrics DMTAV dynamic mechanical analyzer was used in this project. The 








where w is the weight of the fiber bunch, ρ is the density of the fibers in the bunch, 1.14 
g/mol for nylon 66, 1.2 g/mol for polycarbonate, 1.4 g/mol for poly (vinyl chloride); l is 
the length of the fiber bunch. Two kinds of tests were performed on the sample: dynamic 
temperature ramp test and static strain rate test. The former was performed in tension on 
the as-spun nanofibers for the phase behavior study. The E’, E”, Tan δ data were obtained 
from room temperature to 200 °C with a heating rate of 1 °C/min, a frequency of 1 Hz 
and a strain amplitude of 0.1%. The latter was performed in tension on the as-spun 
nanofibers for orientation factor study. The stress and strain plot was obtained from room 
temperature with a constant stain rate of 2.5*10-4 (1/s).  The tangent modulus was 
determined at 10% strain. The modulus gave information about the orientation 
comparison between the different fibers samples. The Rheometrics DMTAV dynamic 





Figure 3.3 Rheometrics dynamic mechanical analyzer DMTA V 
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3.3.3 Scanning electron microscopy 
 
Leo 1525 scanning electron microscope was used in this project to observe the polymer 
nanofibers’ surface morphology and dimensions and to determine fiber orientation. Low 
emission voltage of 3 kV was used and the aperture size was kept at 60 mm. The as-spun 
fiber matrix was gold coated using a SPI ModuleTM sputter coater, with 20 mA current 
for 10 seconds, to avoid charging. The sample was placed on a carbon tape and attached 
to a sample stool that was placed on a sample holder to load into the vacuum chamber. 
After the vacuum is lowered to 1.5 x 10-5 Torr, SEM observation began. The images were 
prepared and focused using scanning speed 3, and were captured using scanning speed 5. 
The images were saved as TIFF file forms after stopping the scan. Leo 1525 scanning 
electron microscope is shown in Figure 3.4. 
 
3.3.4 Transmission electron microscopy 
 
Hitachi H-800 Transmission electron Microscope was used in this project to observe the 
phase behavior of the nanofibers. For the preparation of TEM samples, the as-spun fibers 
were electrospun directly on the carbon grids (0.25 cm in diameter) and underwent heat 
treatments. Then they were stained by RuO4 vapor by suspending them over a RuO4 
solution for 1 hour. The staining RuO4 solution was obtained by mixing 0.3g NaIO4 and 
0.15g RuO2 to 25ml H2O and RuO4 was generated in situ. [71] 
 
 
Figure 3.4 Scanning electron microscope Leo 1525 
 
 
A transmission electron microscope studied the phase morphology of the nanofibers. 
The Hitachi H-800 Transmission electron Microscope is shown in Figure 3.5. 
 
3.3.5 Manual measurement of orientation of fibers 
 
The orientation factors of the fibers can be calculated by manual measurement of the 
fiber orientation distribution in the micrographs obtained by SEM using a protractor. Two 
lines were drawn, one of which was vertical and the other was horizontal on the SEM 
pictures. The angles of every fiber that intersected these two lines were measured with 
respect to the vertical line. Then a table that listed the angles φ and the number of the 
fibers that were oriented at these angles N (φ) was made. Then the angle at which N (φ) 
was a maximum was defined as φ =0 assuming this was the winding direction. The 
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Figure 3.5 Hitachi H-800 transmission electron microscope 
  
 




















The orientation factor measured for each speed of collection of fibers, was calculated 
using the Herman’s Orientation function: 
f =(cos2φ - sin2φ<cos2θ>) 
where θ is the angle between fiber axis and plane surface, in this case, θ is 0, so the 
equation is simplified and used as 2D Herman’s orientation function: 
f = 2 <cos2φ> - 1 
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Chapter 4 Results and Discussion 
4.1 Phase behavior study on electrospun nanofibers 
4.1.1 Polymer system 
 
Polycarbonate (PC) with molecular weight of 60,000 g/mol and polyvinylchloride (PVC) 
with molecular weight of 215,000 g/mol and their blends with weight ratio (PC/PVC) 
25/75, 50/50, 74/25 were used to investigate the phase behavior of the nanofibers 
produced by electrospinning process. The electrospinning condition for all the polymer 
solutions is: 10wt% polymer solution concentration, 20 kV-applied voltage, 20 µL/min 
feed rate, 10cm gap distance. The clarity of the solution inside the syringe was checked 









Solvent (90wt%) Bulk solution 
clarity 
Comments 
PC/PVC (100/0) THF/ DMF (3/2) Clear No phase separation 
PC/PVC (75/25) THF/ DMF (3/2) Clear No phase separation 
PC/PVC (50/50) THF/ DMF (3/2) Clear No phase separation 
PC/PVC (25/75) THF/ DMF (3/2) A little Cloudy Not Sure 
PC/PVC (0/100) THF/ DMF (3/2) Clear No phase separation 
 52
4.1.2 SEM observation on as-spun fibers 
 
The as-spun nanofibers electrospun from pure PC, PVC and 3 PC/PVC blends were gold 
coated and underwent SEM observation. The surface morphology of the nanofibers is 
illustrated in Figure 4.1. From Figure 4.1, it is clear that fiber dimensions of the samples 
are not uniform. However, they are all in the range of 100-400 nm, and are not a 
significant function of blend composition.  
 
4.1.3 Dynamic mechanical analysis 
 
A dynamic temperature ramp test was used to determine the miscibility of the two 
polymers inside the nanofiber by investigating the variation of the glass transition 
temperature (Tg) of the nanofiber. Tan δ is plotted as a function of temperature for 
nanofibers electrospun from pure polymer solution and polymer blends in Figure 4.2. The 
temperatures of all the tan δ maximum are summarized in Table 4.2. For each of the 
PC/PVC blends, there was only one distinct tan δ peaks discernible.  The glass transition 
temperatures of the blends are in good accordance to the Fox equation as illustrated in 
figure 4.3. 
1/Tg=w1/Tg1+w2/Tg2.  
where w1, w2 are the mass fraction of the two polymers (PC and PVC), and Tg1, Tg2 are 










Figure 4.1 SEM images of nanofibers electrospun from (a) PVC (b) PVC/PC 75/25 (c) 
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100%
Figure 4.2 Tan delta vs. temperature for (a) pure PC (b) PC/PVC 75/25 (c) PC/PVC 
50/50, (d) PC/PVC 25/75, (e) pure PVC. The percent showed in the figure indicates PC 
concentration. 
Table 4.2 DMA results of pure polymer fibers and blends fibers. 
 
Fiber composition 
(PC/PVC weight ratio) 
Tg (DMA value) 
(°C) 
Tg (Equation expectation) 
(°C) 
0/100 95.1  
25/75 105.3 108.5 
50/50 117 123 
75/25 138.4 138.6 
100/0 155.5  
 
    
 
 


















Figure 4.3 Tg vs. PC concentration in polymer blends for experimental DMA data and 
Fox equation expectation. 
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It is known that if polymer blends have only one glass transition temperature in DMA test 
and the Tg is in good accordance to the Fox equation, the polymer blends are miscible at 
the molecular level. From the DMA data, it is seen that the two polymers in these 
electrospun nanofibers are homogeneously mixed at the molecular level; the nanofibers 
have formed a single-phase structure. 
 
In order to determine the effect of the electrospinning process on the phase behavior of 
the nanofibers produced from PC/PVC blends, a corresponding experiment was 
performed. The polymer blend solution (PC/PVC 25/75) was kept at room temperature 
for one day to let the solvents evaporate slowly. The same DMA Dynamic temperature 
analysis test was performed on the resulting membrane with the same test condition and 
setup. The Tanδ versus temperature plot is shown in Figure 4.4. From Figure 4.4, two 
distinct Tanδ peaks are discernible. The higher peak at 100°C was due to the Tg of PVC, 
while the broader and lower peak at around 160°C was due to the Tg of PVC. In 
contrast to pure PVC and PC, the Tg of PVC in the blend was a little bit higher and the 
Tg region of the PC was broader, which suggests that a very small fraction of PVC was 
miscible with the phase of PC and the interaction between them was very small. 
 
In order to demonstrate the change in tan δ curves induced by phase separation, in situ 
DMA annealing was performed; and the temperature and tan δ data are shown in Figure 
4.5 for PC/PVC 25/75. The nanofibers first underwent the same DMA dynamic 
temperature ramp test as described above with the same test condition. This 
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Figure 4.5 DMA test of Tan δ and temperature vs. time for PC/PVC 25/75. 
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experimental step corresponds to the section A in temperature vs time part of Figure 4.5. 
After the temperature reached Tg  + 50 (160°C), the temperature was kept constant for 8 
hours to induce phase separation of the two polymers in the nanofibers. This 
experimental step corresponds to the section B in temperature vs time part of Figure 4.5. 
Then the samples were cooled down to room temperature, which is illustrated as section 
C in Figure 4.5. At last, the nanofibers underwent same DMA dynamic temperature ramp 
test again as in section A. The final experimental set was shown in section D in Figure 
4.5. PC/PVC 50/50 and PC/PVC 75/25 samples were subject to the same in situ DMA 
annealing, but with different constant temperatures to induce phase separation. The glass 
transition tanδ peaks for all the samples are illustrated in Figure 4.6 and the 
corresponding Tgs are listed in Table 4.3. The first heat corresponds to the heating 
process of experiment step section A in temperature vs time part of Figure 4.5, while the 
second heat corresponds to the heating process of experiment section D in temperature vs 
time part of Figure 4.5.  
 
From Figure 4.5, it is very clear that the as-spun fiber has only one peak, shown as point 
a in tan δ vs time part of Figure 4.5, which means the two polymers were miscible on the 
molecular level. After heat treatment, the resulting fibers showed two discernible peaks, 
which means that phase separation occurred during the process. Points b and e 
correspond to Tg of PC phase in cooling and reheating steps respectively, while points c 
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Figure 4.6 Tan delta peak for glass transition for as-spun fibers and fibers underwent heat 
treatment. (a), (c), (e) are for as-spun fiber PC/PVC 25/75, 50/50,75/25 respectively; (b) 
for PC/PVC 25/75 annealed at 160 °C (Tg+55) for 8.3hr; (d) for PC/PVC 50/50 annealed 





















































Table 4.3 Tgs of PC/PVC samples in first heat and second heat in in situ DMA anneal. 
 
Nanofibers sample Tg in first heat 
(°C) 
Tg1 in second heat 
(°C) 
Tg2 in second heat 
(°C) 
PC/PVC 25/75 105.3 96.8 154.6 
PC/PVC 50/50 117 96.2 155.5 
PC/PVC 75/25 138.4 95.3 155.5 
 
 
From Figure 4.6, it is very obvious that after heat treatment, the as-spun fibers underwent 
phase separation because there are two distinct glass transition peaks. With the decrease 
of PVC concentration (Figure 4.6 b-d-f), the intensity of PVC glass transition decreases, 
and the Tg shifts to slightly lower temperature, from 96.8°C to 95.3°C, shown in Table 
4.3. The Tg of the PC phase seems unchanged with the decrease of PVC concentration, 
and the intensity of PC relaxation increases from Figure 4.6 b-d-f. Based on these 
phenomena, it is reasonable to conclude that after phase separation in the case of PVC/PC 
75/25, the PC phase forms discontinuous domains in the PVC continuous domains, while 
in the case of PVC/PC 25/75, the situation is reversed, with PVC forming discontinuous 
matrix dispersed in the continuous matrix of PC phase. PC/PVC 50/50 may form some 
intermediate co-continuous structure. Since the PC and PVC discontinuous phases have 
minor contribution to the modulus in a DMA test, the intensity of PVC Tg peak decreases 
from b-d-f as PVC concentration decreases. A similar trend happens to PC Tg peak from 
Figure 4.6 f-d-b as PC concentration decreases. It is also reasonable to suggest that PC 
phase is slightly soluble in PVC phase, while PVC phase is not soluble in PC phase. 
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Therefore, the interaction between the two phases has stronger influence on PVC phase 
than on PC phase, resulting in a constant PC Tg with the increase of PVC concentration 
(Figure 4.6 f-d-b). The cause of the shift to lower temperature in PVC Tg with the 
increase of PC concentration (Figure 4.6 b-d-f) is not fully understood at this moment, it 
may be due to the solvent residue. 
 
4.1.4 TEM observation on annealed nanofibers 
 
In order to study morphology development during annealing, the as-spun fibers were 
heated to Tg + 40 °C for 1, 8, 16, 48 hours respectively.  After that, the fibers were 
stained by ruthenium tetroxide to selectively stain PC phase due to its ability to stain 
aromatic polyesters, in particular PC and PET [72].  Transmission electron microscopy 
(TEM) was used to observe the morphology of the stained fibers. The observed 
morphology of the fibers is shown in Figure 4.7 (PC/PVC 25/75), which clearly reveals 
the biphasic morphology in which PC phase appeared dark and the PVC phase appeared 
lighter. In Figure 4.7, it is obvious that the dark PC domains seem to elongate to form 
elliptical particles and these particles are aligned along the fiber axis. The dimensions of 
those domains grow larger from a-c, and the number of the PC domains grows much 
larger from c-d, though every individual domain size may become small. Also, in c and d, 
the dark PC domains lie on the surface of the fiber. The PC domain dimensions in Figure 
4.7 are listed in Table 4.4. For each figure, 5-10 PC elliptical particles were measured. 









Figure 4.7 TEM images of annealed PC/PVC 25/75 blend after staining by RuO4 for 1 
hour. The annealing temperature is Tg +30 °C for sample a, Tg +40 °C for sample b-d.  













Figure 4.7 continued 
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Table 4.4 PC domains sizes in TEM figures. 
 
Time (hr) Temp (°C) Major Axis length (nm) Minor Axis length (nm)
1 Tg+40 38.3+10.0 20.0+9.8 
8 Tg+40 83.3+56.2 50.8+34.1 
16 Tg+40 120.6+40.8 66.7+32.7 
48 Tg+40 74.8+21.0 48.9+10.0 
 
 
and standard deviations were calculated. Since PC and PVC are both amorphous 
polymers and the annealing temperatures are all under Tg +50 °C, Figure 4.7 a’s 
annealing condition, Tg +30 °C for 16 hours can be converted Tg +40 °C in a different 
time scale according to the Williams-Landel-Ferry (WLF) equation for comparison. [73] 
Log aT1= C1(T-Ts)/C2+(T-Ts) 
 LogaT2= Log(aT1/ aT2)= C1(T1-Ts)/C2+(T1-Ts)-C1(T2-Ts)/C2+(T2-Ts) 
logt2=logt1+ LogaT2 
where aT1 is the horizontal time shift factor of any temperature within a temperature 
range of Ts + 50 °C to the reference temperature Ts; aT2 is the time shift factor of 
temperature T1 to temperature T2. C1 and C2 are WLF constants for amorphous polymers, 
taken as universal constants here C1=17.44, C2=51.6; Ts is the reference temperature and 
taken as Tg here. T1 and T2 is Tg + 40 °C and Tg + 30 °C respectively. t1 is the time scale. 
The relationship between the average major axis and minor axis length of PC phase and 






























From the TEM micrographs, it is clear that after heat treatment, which induced phase 
separation to the once homogeneous blend system, the PC tends to aggregate to form 
small particles oriented along the fiber axis and dispersed in the PVC matrix. Comparing 
the figures with different heat treatment time, the phase structure became coarser with the 
increase of the heat treatment time. The particles of the PC phase became larger in 
diameter and aggregated together to form even larger domains and the interface between 
the particles and the matrix became less obscure. From Figure 4.8, it is obvious that the 
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phase dimension of PC phase grows in a linear way with the square root of time, which is 
a typical situation in diffusion-controlled coarsening. The linear relationship seems not be 
followed after 48 hours. It may be due to capillary effect caused by the smaller diameter 
of the fiber in Figure 4.7 d. However, from Figure 4.7 d, the number of the PC domains is 
much larger than those in Figure 4.7 a-c.in temperature of T2 and t2 is the time scale after 
temperature converted to temperature T1. Using these equations, the time scale of sample 




The phase behavior in polymer blends is very complicated; not only thermodynamic 
factors but also kinetic factors will affect this process [24]. Generally speaking, due to the 
high molecular weight of polymer molecular chains, the mixing entropy of polymers is 
very small and usually the mixing process is endothermic. So, usually the Gibbs free 
energy, ∆Gm, is positive; which causes most polymer blends to be two-phased if the 
system is given enough time to equilibrate. However, that is not always the case in 
electrospinning process, in which the solvent evaporates and fiber solidifies on a time 
scale of milliseconds. Such a short period of time may not allow the two polymer 
components to diffuse to form separated phases before the fiber solidifies, resulting in a 
one-phase morphology. It has been reported in earlier research of polymer blends 
electrospinning [23, 24, 74] that electrospun polymer blends will show fine phase 
morphology rather than a coarse one with an expected preference for co-continuous 
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structure rather than matrix-dispersed one due to the quick solvent evaporation. It was 
observed that in the present case, not only was the coarsening processing in phase-
separation process delayed, but even the whole phase-separation process was suppressed 
by the electrospinning process. The PC/PVC membrane, which was given enough time to 
evaporate, showed phase separation behavior, which is evident that the phase separation 
of the PC/PVC blend is favored thermodynamically, but was hindered kinetically in 
electrospinning. Because of the solubility parameter difference of the two polymers, the 
blends were intended to phase separate given enough time, which is the case of the 
membrane according to DMA data. However, in electrospinning, the solvent evaporates 
much quicker than the two polymers can diffuse, and the fiber solidification causes the 
polymer blend to freeze into a one-phase structure, which is the kinetic reason for one-
phase structure. Given enough time above Tg, the polymer chains will diffuse fast enough 
to separate from each other and the one-phase structure will be destroyed to form a two-
phase structure. The morphology of the two-phase structure was determined by the 
annealing temperature and time. 
    
4.2 Study on the relationship between molecular orientation of 
electrospun nanofibers 
 
For some applications, not only the fiber diameters and their intrinsic properties but also 
the fiber orientation and the molecular orientation inside nanofibers are important. For 
tissue engineering, well-aligned nanofibrous scaffold produced by electrospinning will 
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better support cell culture and improve cell growth because of the fiber orientation. [64, 
65] For composite reinforcement, carbon nanofibers widely used as fiber fillers can be 
produced from electrospun PAN precursor fibers, [75] and the molecular orientation of 
the precursor fiber will influence the mechanical properties of the carbon nanofibers and 
the efficiency of the reinforcement effect. Although orientation has been observed by 
electrospinning fibers directly onto a rotation drum, [60, 76, 77], very few papers have 
quantified it [67]. In these papers dealing with orientation, wide angle X-ray diffraction 
(WAXD) was normally used, since WAXD is one of the mostly used methods to 
determine crystal orientation within fibers. However, for polymers that do not crystallize, 
or have very low crystallinity, WAXD will not be useful to determine the chain 
orientation within the fibers. In those papers, the orientation measurements were 
performed on nanofiber non-woven mats. The molecular orientation factors obtained by 
either FTIR or WAXD is usually the molecular orientation with respect to the fiber 
winding direction and actually the combination of both fiber orientation and molecular 
chain orientation within the fibers. In this work, a method is developed to combine FTIR 
and SEM analysis to eliminate the effect of the fiber orientation and obtain only the 
molecular orientation within the fibers with respect to the fiber axis. The relationship 
between two electrospinning process parameters, (applied voltage, polymer molecular 
weight) and the molecular orientation within the electrospun nanofibers were investigated. 
The mechanical properties of the nanofibers mats were also studied, which has been 




4.2.1 Effect of applied voltage on the molecular orientation 
 
Nylon 66 nanofiber mats were directly electrospun onto the metal wheel at nominal test 
conditions of 10 wt% concentration, 10 cm target distance and at constant rotation 
frequencies of 20 Hz and 40 Hz. The applied voltages were varied over 15, 17.5, 20, 25 
and 30 kV for each rotation frequency. SEM images were taken for each sample, shown 
in Figure 4.9 and Figure 4.10. Manual measurements were performed on the SEM 
pictures as discussed in Chapter 3 and the fiber orientations were obtained and 
demonstrated in Figure 4.11. FTIR scans were also performed on those mats and one of 
the spectra is shown in Figure 4.12 (nylon 66 electronspun at 20 kV and 40Hz). The 
overall orientations in those mats were calculated by the dichroism of N-H stretching at 
3303 cm-1 and are presented in Figure 4.13. The standard deviation is calculated. For both 
FTIR and Manual measurements, five repetitive measurements were performed to obtain 
an average value as the final result. By dividing those two orientations, the molecular 
orientation within nanofibers was obtained and the relationships between it and the 
applied voltage for two rotation frequencies are demonstrated in Figure 4.14. 
 
From Figure 4.11, it seems the fiber orientation changes in a complicated fashion with the 
increase of the applied voltage for both rotation frequencies. The orientation factor 
variation is not much. The variation range for 20 Hz is from 0.67 to 0.74; the range for 40 
Hz is from 0.69 to 0.78. From Figure 4.13, it is clear that the overall orientation of both 





Figure 4.9 Nylon 66 fibers wound collected at 10 wt% concentration, 10 cm target 
distance, at a wheel speed of 926 m/min, 20Hz, The applied voltage is 15 Kv for (a); 17.5 


















Figure 4.10 Nylon 66 fibers wound collected at 10 wt% concentration, 10 cm target 
distance, at a wheel speed of 1868 m/min, 40Hz ((a), (b), (c), (d), (e)). The applied 











































Figure 4.11 Fiber orientation factor vs. applied voltage of nanofiber mats electrospun at 
wheel rotation frequency of 20 Hz and 40 Hz. 
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Figure 4.12 FTIR scans of nylon 66 fibers wound at 20kV and 40Hz wheel frequency 

























Figure 4.13 Overall orientation factor vs. applied voltage of nylon 66 nanofiber mats 























Figure 4.14 Molecular orientation factor with respect to fiber axis vs applied voltage of 





increasing to a maximum, then decreasing and remaining nearly constant at last. The 
difference is in the voltage where the maximum appears. The overall orientation 
maximum of nanofiber mats electrospun at 20 Hz (0.36) appears at 17.5 kV and the one 
for 40 Hz (0.42) at 20 kV. From Figure 4.14, the molecular orientation of both rotation 
frequencies seems to decrease with the applied voltage. For 40 Hz nanofibers, the 
molecular orientation seems to plateau below 20 kV, and then a sharp decrease occurs at 
higher voltages. For 20 Hz nanofibers, the molecular orientation decreases in a more 
steady way. The molecular orientation for 40 Hz is higher than that of 20 Hz at all 
spinning voltages, which is in agreement with the relationship between the molecular 
orientation and the wheel rotation speed obtained earlier. It was found that increasing the 
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wheel rotating frequency, the molecular orientation would increase as is shown in Figure 
4.15. [80] 
 
Mechanical tests were done on these nanofibers mats electrospun at different applied 
voltages at 20 Hz and 40 Hz wheel rotation frequencies respectively, and the tangent 
modulus at 10% strain was calculated. Five repetitive tests were performed to obtain an 
average value as the results and standard deviation was calculated. The results are shown 
in Figure 4.16. The modulus of nylon 66 mats at 10% strain is plotted vs. overall 
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Figure 4.16 Modulus of the nylon 66 nanofiber mats at 10% strain vs. different applied 













































From Figure 4.16, the modulus changes with the increase of the applied voltage in the 
same fashion of overall orientation, and the modulus of the nanofiber mats electrospun at 
40 Hz is larger than that of the nanofiber mats electrospun at 20 Hz. From Figure 4.17, it 
is clear that the modulus at 10% increases linearly with the increase of the overall 
orientation for both nanofiber mats electrospun at 20 Hz and 40 Hz. The slope for 40 Hz 
is steeper than that of 20 Hz. Thus, it is reasonable to conclude that the modulus is a 
strong function of overall orientation factor over different applied voltages. The data used 
to create Figure 4.11-Figure 4.17 are listed in Table 4.5 and Table 4.6. The standard 
deviations for overall orientation and modulus at 10% strain are also listed in Table 4.5 




Table 4.5 Three kinds of orientation and modulus at 10% strain for nanofibers mat 
electrospun at a rotating wheel frequency of 20 Hz. 
 
 









15 0.694 0.353+0.0023 0.509 408+25.747 
17.5 0.739 0.368+0.0085 0.498 463+24.352 
20 0.697 0.302+0.0085 0.433 369+13.65 
25 0.672 0.267+0.0014 0.397 355+24.427 
30 0.700 0.262+0.001 0.374 306+21.825 
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Table 4.6 Three kinds of orientation and modulus at 10% strain for nanofibers mat 
electrospun at a rotating wheel frequency of 40 Hz. 
 
 






Modulus at 10% 
strain (Mpa) 
15 0.706 0.361+0.001 0.511 457+15.055 
17.5 0.700 0.372+0.011 0.532 516+36.002 
20 0.779 0.414+0.021 0.531 713+41.992 
25 0.722 0.332+0.0064 0.460 384+15.906 
30 0.769 0.351+0.0062 0.456 375+13.115 
 
 
4.2.2 Effect of polymer molecular weight on the molecular orientation 
 
In order to determine the relationship between polymer molecular weight and the 
molecular orientation within the nanofibers electrospun from polymer solution, PVC 
(Mw 215000) and a PVC blend (PVC Mw: 215000/ PVC Mw 125,000=55/45 in weight, 
blend Mw is 172,300 g/mol) were electrospun onto the rotating metal wheel at nominal 
test conditions of 10 wt% concentration, 10 cm target distance, and a constant applied 
voltage of 20 kV. The wheel rotation frequencies were varied over 0, 20, 40, and 60 Hz 
for the two PVC solutions. PVC (Mw 125,000 g/mol) was electrospun alone with the 
processing conditions, but the fibers had many bead defects and were not suitable for 
orientation study, so PVC blend was used instead. SEM pictures were taken for each 
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sample, and are shown in Figure 4.18 and Figure 4.19. Manual fiber angle measurements 
were performed on the SEM pictures, and the fiber orientations were obtained and 
demonstrated in Figure 4.20. FTIR dichroism measurements were also performed on 
those mats. The overall orientation of PVC molecules in those mats was calculated by the 
dichroism of C-Cl stretching at 615 and 637 cm-1. These two bands corresponds to the C-
Cl stretching of isotactic and syndiotactic sequences respectively [81] and the areas of the 
two bands’ peaks were added together to calculate dichroism. One of the FTIR scans is 
shown in Figure 4.21. The results of the overall orientation from dichroism are shown in 
Figure 4.22. Standard deviation is calculated. For both FTIR and Manual measurements, 
five repetitive measurements were performed to obtain an average value as the final 
result. Dividing orientation factor obtained by FTIR by the one obtained by manual 
measurement of SEM images, the molecular orientation within nanofibers was obtained 
and the relationships between it and the applied voltage for two rotation frequencies are 
demonstrated in Figure 4.23. 
 
From Figure 4.20, the fiber orientation of the two PVC increases with the wheel rotation 
as nylon 66 nanofiber mats do. The fiber orientation of the PVC blend is higher than that 
of the PVC 215000 except when electrospun onto a stationary target. 
 
From Figure 4.22 and Figure 4.23, it is clear that both the overall orientation and the 
molecular orientation within the nanofibers follow the same pattern. In both cases, the 








Figure 4.18 PVC 215000 fibers wound collected at 10 wt% concentration, 10 cm target 
distance, and 20 kV voltage at a speed of (a) 0m/min, 0Hz; (b): 926 m/min, 20Hz; (c): 



















Figure 4.19 PVC blend 172300 fibers wound collected at 10 wt% concentration, 10 cm 
target distance, and 20 kV voltage at a speed of (a) 0m/min, 0Hz; (b): 926 m/min, 20Hz; 
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Figure 4.20 Fiber orientation factor vs. wheel speed of nanofiber mats electrospun from 





Figure 4.21 FTIR scans of PVC fibers wound at 20kV and 40 Hz with direction of IR 









































PVC 215000 PVC blend 172300
 
Figure 4.22 Overall orientation factor vs. wheel speed of PVC 215000 and PVC blend 









































PVC 215000 PVC blend 172300
 
 
Figure 4.23 Molecular orientation factor with respect to fiber axis vs. wheel speed of 
PVC 215000 and PVC blend 172300 nanofiber mats electrospun at 20 kV. 
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weight PVC blend. However, the molecular orientation is much lower than that of the 
orientation of nylon 66.  
 
Mechanical tests were done on those nanofibers mats electrospun from different 
molecular weight polymer solution respectively, and the tangent modulus at 10% strain 
was calculated. Five repetitive tests were performed to get an average value as the results. 
Standard deviation is calculated. The results are shown in Figure 4.24. 
 
From Figure 4.24, it is obvious that the nanofiber mats electrospun from higher molecular 
PVC have higher moduli at all wheel rotation frequencies than those from the lower 
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Figure 4.24 Modulus of PVC 215000 and PVC blend 172300 nanofiber mats at 10% 




the wheel frequencies. The data used to create Figure 4.21-Figure 4.24 are listed in Table 
4.7 and Table 4.8. The standard deviations for overall orientation and modulus are also 




The process of electrospinning is complex. When a critical voltage is reached, the 
charged polymer solution or melt forms cone shape pendent drop at the tip of the needle, 
which is called “Taylor’s cone”. [26] Once the surface tension of the polymer solution or 
melt is overcome by the electrical force applied, a charged jet will form from the Taylor’s 
cone. The jets will move straight first and then due to the bending instability will bend 
and move in a looping and spiraling path, during which the jets elongates reducing the 




Table 4.7 Three orientation factors and modulus at 10% strain for nanofiber mats 











Modulus at 10% 
strain (MPa) 
0 0.257 0.049+0.002 0.192 62.9+16.07 
20 0.511 0.141+0.02 0.275 161+31 
40 0.806 0.128+0.019 0.158 236+32.02 
60 0.625 0.167+0.013 0.268 269+28.02 
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Table 4.8 Three orientation factors and modulus at 10% strain for nanofiber mats 














0 0.039 0.0003+ 0 0.008 46.4+10.81 
20 0.664 0.137+0.01 0.207 115+17.02 
40 0.900 0.093+0.015 0.103 150+26.73 
60 0.956 0.162+0.006 0.169 225+25.85 
 
 
form nanofibers on the target. When the target is a rotating metal wheel, the situation is 
even more complicated. As the fiber hits the wheel surface, it is electrostatically attached 
to it and will draw the fiber from its spiraling path and orient along the rotation direction.  
Basically, three factors will work together to determine the final molecular orientation 
inside the nanofibers produced: electrodynamic force, mechanical tensile drawing force, 
and relaxation process of the molecular chain. Electrodynamic force induced by applied 
voltage will determine the natural velocity, which is the speed the jet travels in the 
spiraling path before the jet reaches the rotating wheel if other parameters like gap 
distance are kept constant. The natural velocity of nylon 66 electrospun at 15 kV is 
estimated to be 926-1868 m/min and the natural velocity of nylon 66 electrospun at 20 
kV is estimated to be 1868-2833 m/min [80]; the mechanical tensile drawing force is 
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determined by the difference between the fiber natural velocity and the rotation speed of 
the wheel.  
 
Increasing the voltage and keeping the rotation speed constant acts to decrease the 
difference between the fiber natural force and the rotation speed, thus decreasing the 
mechanical tensile drawing. The resulting molecular orientation will decrease as shown 
in Figure 4.14. However, increasing the applied voltage will increase the electrodynamic 
forces, which will orient the polymer chains to a degree, so the decrease of the molecular 
orientation with the increase of the voltage is not linear or exponential, but of a weak 
function. In these two cases, the relaxation behavior of the polymer are assumed to be the 
same, but in the case of the effect of the molecular weight, the situation is even more 
complicated. The relaxation behavior of the polymers is not identical. It is reasonable to 
assume that the higher molecular weight polymer has a longer relaxation time. Thus, the 
higher molecular weight polymer can preserve more obtained molecular orientation than 
lower molecular weight polymer. This may explain why PVC 215000 has higher 
molecular orientation than PVC blend 172300 shown in Figure 4.23.    
 
The fiber orientation is determined by both the wheel rotation and the charge repulsion. 
The principle behind it is not clear yet. The relationship between the fiber orientation and 
the processing parameters does not seem obvious. It changes weakly with the increase of 
the voltage, but can be regarded as fairly constant since the variation is small. Further 
research will be carried out in the near future. 
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The mechanical properties of the nanofiber mats follow the same trend of the overall 
orientation, not just the molecular orientation within the fibers. With the increase of the 
applied voltage, the modulus of the mats first increases and reaches a maximum at a 
certain voltage, then decreases. The modulus of the mats electrospun from higher 
molecular weight polymer is higher than that of the mats electrospun from lower 




Chapter 5 Summary and Conclusions 
 
 
Electrospinning is a straightforward method to produce polymer nanofibers. The 
polymers used here for electrospinning are nylon 66, polycarbonate, poly (vinyl chloride), 
and polycarbonate/poly (vinyl chloride) blends in different solvents.  
 
 
Nanofibers of PC/PVC blend with fiber diameter ranging from 150 nm to 400 nm can be 
easily formed by electrospinning. The as-spun fibers demonstrate one-phase morphology 
that is primarily due to the kinetic factors such as rapid solvent evaporation and rapid 
fiber solidification. By controlled annealing of the as-spun fibers for different times, 
specific fiber surface morphologies can be accessed. The phase separated PC domains 
have an elliptical shape and have major axis lengths ranging from 38.3 nm to 120.6 nm, 
and minor axis lengths ranging from 20.0 nm to 66.7 nm. From this research, it is clear 
that electrospinning gives scientists a new way to control the morphology of polymer 
blends, which will be of great interests for a broad range of applications like filtration, 
sensors, and medicine research. 
 
Directly electrospinning nanofibers onto a rotating metal wheel can introduce molecular 
orientation in the nanofibers produced. This molecular orientation with respect to fiber 
axis is influenced by the electrospinning process parameters. From this research, it was 
found that with increasing electrospinning voltage, the molecular orientation would 
decrease. Also by increasing the molecular weight of the polymer, the molecular 
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orientation will increase.  Because of the high aspect ratio, large surface to volume ratio 
of the electrospun nanofibers and because of the orientation of those nanofibers, the 
oriented nonwoven nanofiber mats can find great application in composite reinforcement, 
tissue engineering and carbon fiber production.  
 
5.1 Recommendations for future work  
 
Future work, which will contribute to better understanding of the phase behavior of 
nanofibers electrospun from polymer blends and orientation of the electrospun nanofibers 
will include: 
1. Annealing of PVC/PC 50/50 and 25/75 nanofiber mats and TEM observation of 
the phase separation behavior of those samples. 
2. Better explanation of the Tg changes of PVC/PC nanofiber mats after in situ 
DMA annealing.  
3. Phase behavior of the nanofiber mats electrospun from polymer blends of PVC or 
PC with other polymers. 
4. In addition to wheel speed, applied voltage, molecular weight, the effect of other 
electrospinning process parameters such as gap distance, solution feed rate on the 
molecular orientation within the nanofibers. 
5. Determination of the effect of processing parameters on the fiber orientation of 
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